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ABSTRACT  
The hellbender (Cryptobranchus alleganiensis) is a giant salamander inhabiting streams in the 
eastern United States. Hellbenders have experienced range-wide declines due to a loss in 
population recruitment. It is unclear whether the loss in recruitment stems from a loss of nesting 
or larval habitat. Artificial shelters have been developed as a tool to supplement nesting habitat 
for hellbenders, however their use requires further investigation to be implemented effectively. 
Furthermore, once larvae emerge from the nest, there is a dearth of information regarding larval 
ecological requirements. My objectives were to 1) compare three artificial shelter designs in 
terms of their resiliency to the stream environment and hellbender preference, and 2) investigate 
resource selection patterns of immature eastern hellbenders. To compare artificial shelter designs, 
we deployed and monitored three shelter designs in North Carolina, collecting information on 
stream habitat, shelter state, and shelter occupancy. We recorded high rates of shelter 
unavailability due to sediment blockage, although the hydrodynamic shelter design performed 
best overall. We recorded low shelter occupancy rates and were unable to detect differences in 
hellbender preference. We recommend using they hydrodynamic shelter in larger rivers with 
more episodic high discharge events, and when installing shelters of either design, avoiding areas 
of the stream channel characterized by sediment deposition.  To investigate resource selection 
patterns of immature hellbenders, we surveyed for hellbenders ≤ 200 mm in total length 
throughout three watersheds in western North Carolina and compared used and available habitat 
features at two spatial scales. We found that immature hellbenders select areas within the stream 
channel with a slower current and heterogenous, unembedded cobble beds as home ranges, and 
within those home ranges, select unembedded mid-large cobble. The habitat features preferred by 
immature hellbenders should be targeted during monitoring surveys and included in population 
restoration measures in order to effectively manage hellbender populations.  
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Chapter 1: Factors Influencing Resiliency and Occupancy Rates of 
Artificial Hellbender Shelters in North Carolina* 
Lauren Diaz, Shem D. Unger, Lori A. Williams, and Catherine M. Bodinof Jachowski 
*This chapter has been individually formatted for submission to the Journal of Wildlife
Management 
ABSTRACT 
The eastern hellbender (Cryptobranchus alleganiensis alleganiensis) is a giant 
salamander inhabiting streams in the eastern United States that has experienced drastic 
range-wide declines due to stream degradation from increased sedimentation. Artificial 
shelters have recently been designed for hellbenders and may be useful for supplementing 
breeding habitat and monitoring reproductive success. There are currently two designs, 
the original modified boot design and the newer hydrodynamic design, in use throughout 
the hellbender range, however, no previous study has compared these designs side by 
side. We compared shelter designs in terms of their resilience to the stream environment 
and hellbender preference by installing 180 shelters (90 per year over two years) of three 
designs (open bottom modified boot, closed bottom modified boot, and hydrodynamic) 
throughout six streams (three per year) in North Carolina. We measured habitat variables 
at installation locations and monitored shelters for sediment blockage, dislodgement, and 
hellbender occupancy. We used mixed logistic regression models to compare shelter 
types in terms of the probability that they will remain available to hellbenders in natural 
stream conditions and hellbender preference.  In season 1, we collected 309 shelter 
observations and determined shelters were unavailable on 28% (87) of occasions. 
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Hellbenders never occupied shelters in season 1. In season 2, we collected 557 shelter 
observations and determined shelters were unavailable on 29% (163) of occasions and 
shelters were occupied on 29 occasions. Although we detected no evidence that shelter 
type or habitat attributes influenced shelter use by hellbenders, our results suggest that 
hydrodynamic shelters are more resilient to the stream environment and likely to remain 
available to hellbenders compared to the traditional modified boot design. We 
recommend using they hydrodynamic shelter design in larger rivers with more episodic 
high discharge events, and when installing shelters of either design, avoiding areas of the 
stream channel characterized by sediment deposition.   
INTRODUCTION 
The hellbender (Cryptobranchus alleganiensis) is a long-lived (Taber et al. 1975), 
fully aquatic salamander in the giant salamander family (Cryptobranchidae; Petranka 
1998). There are currently two described subspecies, the eastern hellbender 
Cryptobranchus alleganiensis alleganiensis, and the Ozark hellbender Cryptobranchus 
alleganiensis bishop (Petranka 1998). Hellbenders are habitat specialists and require 
streams with highly oxygenated, cold, swift flowing water and the presence of large rocks 
for daily cover and breeding (Petranka 1998). Because of their habitat requirements, 
hellbenders are considered an indicator of stream health (Pugh et al. 2016). Stream 
sedimentation is widely considered a leading cause of hellbender declines, as sediment 
fills in spaces under and between boulders and reduces the availability of nest cavities for 
hellbenders (Quinn et al. 2013, Williams et al. 1981). 
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Artificial hellbender shelters were first developed and implemented in 2012 to 
provide supplemental breeding habitat for Ozark hellbenders (Briggler and Ackerson 
2012). The original shelter design is composed of a concrete chamber connected to a 
narrow tunnel, and the chamber has a removable lid to allow surveyor access (Briggler 
and Ackerson 2012). Shelters may have an open or closed bottom, depending on the goal 
of the researcher. Shelters with an open bottom were developed to better mimic natural 
cover and allow hellbenders access to natural substrate (Briggler and Ackerson 2012), 
whereas shelters with a closed bottom were developed to accurately monitor reproductive 
success (Jachowski 2016).  
Artificial shelters have been successfully used to augment suitable nesting habitat in 
natural streams and have the potential to offer several advantages over more traditional 
methods to monitor hellbenders (Jachowski 2016, Button 2019). Rock lifting while 
snorkeling has been the most successful and widely used method to survey for 
hellbenders (Nickerson and Krysko 2003). Rock lifting creates a significant amount of 
disturbance, and if the rock is not correctly replaced in the stream bed, it might become 
inaccessible to hellbenders. If a nest is present, eggs and larvae can be washed away 
when the cover rock is disturbed (Nickerson and Krysko 2003, Jachowski 2016). Since 
artificial shelters allow researchers access inside simply by opening a lid, they are 
minimally invasive ways to survey for hellbenders and monitor their reproduction 
(Jachowski 2016). However, although successful in certain portions of the hellbender 
range, the boot shelter experienced problems in western North Carolina such as being 
washed downstream and destroyed by high discharge events, sedimentation blocking off 
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entrances, and low occupancy (Messerman 2014, Mohammed et al. 2016). Mohammed 
(2016) developed the alternative, hydrodynamic design that is heavier, more streamlined, 
and theoretically less likely to be picked up by fast flowing water. While both shelter 
types are currently in use throughout the hellbender range, no studies have compared 
them in terms of their resilience to realistic conditions or hellbender preference (Bodinof 
Jachowski et al. 2020). The objective of our study was to compare the main hellbender 
shelter designs and modifications in regard to the probability that the shelters remain 
available to hellbenders between monitoring visits (do not get dislodged by high 
discharge events and do not get buried or blocked by sediment), and the probability of 
being occupied by a hellbender.  
 
STUDY AREA 
Our study sites included six 100 m stream reaches within and representative of the 
Southern Blue Ridge physiographic province (Pittillo et al. 1998) in western North 
Carolina, USA. The Southern Blue Ridge is a steep mountainous area in the eastern US 
and is characterized by high rainfall, acidic and infertile soils, and unreactive bedrock 
(Elwood et al. 1991). Four streams fell within the upper Little Tennessee river basin 
(coded as BC, CR, TC, and SC) and two streams within the French Broad river basin 
(coded as ST and WF). We are withholding stream names and sampling locality 




Our study reaches were clear, shallow, rocky streams with fast flowing water, and 
contained riffle, pool, and run habitat, no barriers to movement (i.e. waterfalls), as well as 
a variety of substrate types (Table 1). All streams had forested upstream catchments 
within United States Forest Service (USFS) property. Wetted width in the center of each 
reach ranged from 8-23 m (Table 2).  
We selected specific reaches based on accessibility near roads or bridges (shelters 
are heavy and difficult to move), locations of verified hellbender records since 2011, and 
the results of modified Wolman pebble counts (Wolman 1954) conducted prior to shelter 
installation. We did not have information regarding the densities or abundances of the 
hellbender populations. The modified pebble counts consisted of 10 cross-stream 
transects where we would randomly select 20 substrate particles without looking and 
classify them according to the Wentworth (1922) size class scale, for a total of 200 
particles per 100 linear meters of stream.  We selected reaches with ≤ 30% natural 
boulder and bedrock substrate to maximize the potential of hellbenders using artificial 
shelter  (Jachowski 2016).  
 
METHODS 
Artificial Shelter Designs and Construction  
We considered three artificial shelter designs that are currently in use throughout 
the hellbender range: two modifications of the original “boot” shelter (Briggler and 
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Ackerson 2012), including one with a closed bottom and one with an open bottom, and a 
hydrodynamic design (Mohammed 2016; Figure 1).  
We constructed artificial shelters according to the methods of Briggler and 
Ackerson (2012) and Mohammed et al. (2016) with adjustments that maintain the 
original shape and dimensions. The modified boot shelter is composed of a tunnel 
(approx. 8 cm in diameter and 30 cm long) connected to a rectangular chamber (approx. 
38 cm long, 30 cm wide, and 15 cm high). The Mohammed shelter, hereafter called the 
“hydrodynamic design”, is a teardrop shape (approx. 81 cm long, 15 cm high, and 38 cm 
at the widest part of the chamber). To construct each design, we first made a frame out of 
¼ inch mesh hardware cloth. For the boot design shelters, we also added an outer layer of 
1-inch chicken wire as per Briggler and Ackerson (2012). We covered the frame by hand 
with a concrete mixture (1:1 mixture of Quikrete® Concrete Mix and Quikrete® Portland 
Cement for tops and bottoms; only portland cement for walls). Although we constructed 
all shelters using a standard protocol, due to the manual concrete application, each one is 
unique in terms of weight, concrete thickness, and specific dimensions. We constructed 
lids using a wooden mold. Our lids were recessed into the shelters to address previous 
issues with lid loss and shelter loss due to the lid being caught in the stream current 
(Button 2019). Once in place, we secured lids using an eyebolt locking mechanism. We 
drilled three drainage holes in the back walls of the modified boot shelters, but not the 
hydrodynamic shelters, which is consistent with the original design protocols. We 
constructed 30 closed-bottom boot and 30 open-bottom boot shelters and considered 
these two different designs. Although Briggler and Ackerson (2012) left an open bottom, 
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others have left it closed (Jachowski 2016) for the purpose of conducting egg and larval 
counts. In theory, an open bottom facilitates access to the natural stream substrate, 
however whether this modification influences resiliency or hellbender preference has not 
been evaluated. Finally, we attached an aluminum ID tag to each shelter, removed sharp 
edges of concrete inside the shelter and smoothed the inside of the tunnel and chamber to 
the best of our ability. We soaked each shelter for ≥21 days in outdoor tanks to leech out 
any concrete chemicals and begin the weathering process.  
Deployment and Study Design  
In each reach, we deployed 10 closed bottom boot shelters, 10 open bottom boot 
shelters, and 10 hydrodynamic shelters using a systematic random design. We divided the 
stream reach into 10 segments measuring approximately 8-10 m long, and randomly 
assigned one of each shelter type to each segment, with no two shelters of the same 
design directly adjacent to each other between segments. We chose this study design to 
maximize accessibility to all shelter types by resident hellbenders and to ensure that we 
evaluated resilience across the full range of microhabitat characteristics (i.e. different 
depths and flow velocities) available in each stream reach. To install the shelters into the 
stream substrate, we chose specific locations with relatively homogenous substrate where 
we would not need to remove boulders but that were close (within a few meters) to 
natural hellbender habitat such as large boulders. We excavated the substrate until the 
shelter sat flat and stable, then partially buried it using smaller substrate particles, making 
sure there were no spaces leading under the shelter, and piled up larger gravel and pebble 
substrate around and on top of the shelter to camouflage it and increase stability.  
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We conducted two distinct field seasons. We installed shelters in three streams 
(BC, TC, and CR) in summer 2018 (season 1), removed them between  fall 2018- spring 
2019, and re-installed them in three different reaches (WF, ST, and SC) in summer 2019 
(season 2; Table 2). For both field seasons, we deployed shelters in the early summer 
months in anticipation of the breeding season and peak in hellbender activity, which 
occurs in August and September. We made the decision to relocate shelters after season 1 
after we failed to detect any hellbenders using our shelters or natural cover. The sites 
selected for season 2 all had higher density hellbender populations (according to 
NCWRC records), which we hoped would better facilitate our objective pertaining to 
shelter preference. 
Habitat Measurements and Monitoring  
At shelter installation, we measured habitat characteristics that we predicted 
would influence the availability and occupancy of the shelters. We measured distance 
from the shelter to the nearest boulder, distance to the nearest bank, water depth, and 
water velocity at two depths (mid water column and benthic) (Table 3). We monitored 
shelters approximately every two to four weeks during each season. During each 
monitoring visit, we recorded whether each shelter was available or unavailable. We 
defined an available shelter as being present, not dislodged, not filled by sediment either 
in the chamber or tunnel and having a securely closed lid. We also recorded whether the 
shelter was occupied by a hellbender. Before completing each survey, we cleared any 
shelter openings blocked by sediment and repositioned any shifted or dislodged shelters. 
When hellbenders were encountered within a shelter, we captured them by hand and 
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recorded standard body measurements (weight, total length, snout-vent length) as well as 
sex (based on cloacal swelling) and physical abnormalities. We tagged individuals with a 
passive integrated transponder (PIT) tag (Biomark Inc., Boise, ID, USA), which was 
inserted into the dorsal tail musculature. 
Data Analysis 
We ran two separate logistic regression analyses with our data; one to estimate the 
probability that a shelter would remain available to hellbenders between monitoring visits 
(i.e. availability) and one to estimate the probability that a shelter would be used by 
hellbenders (i.e., occupancy). We defined each survey occasion for a given shelter as the 
sampling unit in our availability analysis and coded shelter availability as “1” if the 
shelter was present, not dislodged, and not blocked by sediment (≤ 5% open in tunnel or 
chamber), or “0” otherwise. We defined individual shelters as the sampling unit in our 
occupancy analysis and coded shelter occupancy as “1” if a shelter was ever occupied 
during our study or “0” if never observed to be occupied.  
Model development and fitting  
We generated a separate candidate set of models for each analysis: 16 generalized 
linear mixed models for the shelter availability analysis (Table 4), and 20 generalized 
linear models for the shelter occupancy analysis (Table 5). Shelter ID was included as a 
random effect in the shelter availability models to account for repeated observations of 
the same shelter.  
Prior to model fitting, we screened variables for collinearity using a correlation 
matrix. We determined there were no problematic correlations among predictors based on 
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Pearson’s correlation coefficients (all r < |0.7|). We scaled and centered all continuous 
predictor variables to have a mean of zero. We fit models using maximum likelihood 
methods with the ‘lme4’ package in R and ranked models in our candidate set using 
Akaike’s Information Criterion adjusted for small sample sizes (AICc; Akaike 1974). We 
based inference on models that were within two ΔAICcs of the top ranked-model and 
outranked a null model. We considered parameters within the models to be well 
supported if the confidence interval for the effect size did not overlap zero. We analyzed 
our data using program R version 3.5.2 (R Development Core Team, 2018)  
Model validation 
We used k-fold cross validation (Boyce et al. 2002) to evaluate the predictive 
ability of our top-ranked models in each analysis. Based on our sample sizes, we ran five 
iterations using a 80:20 split of training to testing data for our shelter availability data and 
10 iterations using an 80:20 split for the shelter occupancy data. We fit each top model to 
each set of training data, then used the newly fitted model to make predictions for the 
corresponding testing data. We then pooled the results of the testing data and used a 
receiver operating curve (ROC) to evaluate the model’s predictive ability. When the area 
under the ROC curve (AUC) is 1, the model has perfect predictive ability. When the 
AUC is closer to 0.5, the model performs no better than random at discerning cases of 
success (availability or shelter occupancy) from cases of failure (non-availability or non-






We collected a total of 866 observations from 180 shelters (90 shelters per season 
x two seasons) throughout the study period. In season one, we collected 309 observations 
between 4 June 2018 to 10 May 2019. In season 2, we collected 557 observations 
between 30 April to 24 September 2019.  
Shelter availability 
In season 1, 10 shelters were permanently lost due to dislodgement, shelters were 
dislodged and reinstalled on 2% of occasions (6 of 309) and shelters were deemed 
unavailable on 28% of occasions (87 of 309, Table 6). In season 2, 12 shelters were 
permanently lost due to dislodgement, shelters were dislodged and reinstalled on 4% of 
occasions (21 of 557) and shelters were deemed unavailable on 29% of occasions (163 of 
557, Table 6). Shelter dislodgement was highest following large precipitation events, and 
highest immediately following deployment, as some shelters were less anchored in the 
substrate than others due to natural substrate variation throughout the reach (Table 7).  
 Two models fell within two ΔAICc units of the top-ranked model describing 
shelter availability and outranked a null (intercept only) model. These two models carried 
79% of the cumulative model weight and included the shelter type + environment (w1 = 
0.40) and environment only model (w2 = 0.39) (Table 8). The shelter + environment 
model consisted of all the stream habitat variables measured along with shelter design, 
while the environment only model consisted of only the stream habitat variables. Among 
the two top-ranked models, the model weights, effect sizes, and confidence intervals of 
shared parameters (environmental variables) were nearly identical (Table 8 & 9). 
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Therefore, for simplicity, we only discuss the shelter + environment model further as it 
contains more information on shelter type. However, our five-fold cross validation 
suggests that the top-ranked model (AUC = 0.66) was only a moderately accurate 
predictor of the true state of shelter (available or unavailable), therefore should be 
interpreted with caution.  
Confidence intervals associated with beta coefficients indicated support for 
shelter type, depth, benthic velocity, days since maintenance, and distance to bank as 
drivers of shelter availability (Table 9). The hydrodynamic shelter type was estimated to 
have an 8-13% higher probability of remaining available than both modifications of the 
boot design across all measured conditions (Figure 2-5). The model indicated that the 
probability of a shelter being available decreased by 15-19% as water depths increased 
from 13 cm (the minimum observed) to 86 cm (maximum depth observed; Figure 2). 
Water velocity had a positive effect on shelter availability. Our model indicated that the 
probability of availability increased by 22-32% for each 1.0 m/sec increase in water 
velocity (Figure 3). The probability of availability decreased by approximately 4-7% for 
every two weeks without maintenance (Figure 4). After 225 days since maintenance (i.e. 
a winter/spring high water period), modified boot shelters were predicted to have only a 
9% chance of being available relative to the hydrodynamic shelter which was predicted to 
have a 16% chance of being available (Figure 4).  The distance of the shelter to the bank 
also had a positive effect on the probability of availability, where the probability of 
shelter availability increased by 2% for every meter of distance away from the stream 
bank (Figure 5).  
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Shelter occupancy  
No hellbenders occupied shelters in 2018 but hellbenders did occupy shelters at 
all three sites in 2019. As a result, we only used data from 2019 in our analysis of shelter 
preference. Among the 90 shelters monitored in 2019, only 17 unique shelters were 
occupied on a total of 29 occasions including one occasion at SC, 17 occasions at ST, and 
11 occasions at WF.  We detected at least 13 unique hellbenders during our study (n=1 
from SC, n=6 from WF, and n=6 from ST, Table 6). Three hellbenders were male, seven 
were female, and two were unknown sex. No nests were established in shelters during 
either breeding season.  
While we observed a considerable amount of model selection uncertainty, only 
one model (Vel.occ.2, w1 =0.17) outranked the null model in our analysis to understand 
shelter preference (Table 10). This model suggested a weak but positive relationship 
between the mid-depth flow velocity just upstream of the shelter and the probability that 
the shelter would be occupied at some point (Table 11). However, our 10-fold cross 
validation suggested that the top model was a poor predictor of whether a shelter would 
be occupied or not. The velocity model had an AUC of 0.42, indicating that our model 
was poor and performed worse than if we predicted occupancy at random.    
 
DISCUSSION  
This is the first study to our knowledge to directly compare the modified boot and 
hydrodynamic artificial shelter designs in terms of resilience to dynamic stream 
conditions or hellbender preference. The shelter designs we considered were often made 
14 
 
unavailable to hellbenders (over a quarter of the time) due to sediment in the tunnel 
openings and chamber, dislodgement, and lid loss, and experienced low occupancy rates, 
similar to findings from previous work in North Carolina, (18 %, Messerman 2014, 
Mohammed et al. 2016). While we did not find evidence that hellbenders preferred any 
design in our study, we did find that hydrodynamic shelters are more resilient to stream 
environments in our study area and are more likely to remain available than the two 
modified boot designs. We attribute the higher probability of availability of the 
hydrodynamic shelters to their heavier weight preventing them from being dislodged 
during high discharge events, and the wider tunnels and larger chambers allowing for 
more time between maintenance visits before the shelters are completely blocked.  
We found that shelter availability was maximized when they were placed in 
conditions that hinder sediment buildup. Sediment blockage of shelter entrances was the 
most common reason for shelters being deemed unavailable (23% of occasions) while 
shelter dislodgement was relatively rare (5% of occasions), consistent with studies in 
southwest Virginia (Button 2019, Bodinof Jachowski et al. 2020). Placing shelters in 
areas with higher water velocities (i.e. the thalweg, which in our case was several meters 
from the stream bank) increased shelter availability, likely because faster flow prevents 
sediment accumulation at tunnel openings, while areas with slower water velocity (i.e. 
pools, point bars) are typically areas of sediment deposition within a stream channel 
(Frissel et al. 1986). Sediment buildup is also minimized with an increased frequency of 
maintenance, and a 40 day interval with targeted visits after high discharge events is 
likely an adequate compromise between maintaining high shelter availability and 
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reducing survey effort, similar to the conclusions of Button (2019). Lastly, although we 
did not find support for the relationship between proportion of fine sediments and shelter 
availability in our specific reaches, this is likely because substrate composition among 
our shelter sites did not vary substantially (Table 1), and we speculate that this 
relationship may be a better predictor of availability in a more diverse selection of 
streams.  
We were unable to pinpoint significant predictors of shelter occupancy and detected 
no evidence that hellbenders preferred any shelter design over another. It is unclear 
whether hellbenders truly do not have a preference for shelter design or the 
environmental conditions where a shelter is placed, or if we simply did not have enough 
shelter occupancy to detect that difference. Low shelter occupancy rates have been a 
consistent observation in North Carolina for unclear reasons (Messerman 2014, 
Mohammed et al. 2016). Because our shelters arrays were installed in protected, high 
quality streams with high hellbender densities, it is possible that hellbenders were not 
limited by natural cover and had no need for artificial shelters. For example, a previous 
study found that artificial shelter occupancy rates increase when availability of natural 
cover (boulder and bedrock) per capita is low, as there is higher demand for cover objects 
(Bodinof Jachowski et al. 2020). The timing of deployment (early summer) as well as 
short season length may have also influenced occupancy rates. Occupancy in our 
artificial shelter arrays may increase in the year following deployment, as it has for 
previous studies (Bodinof Jachowski et al. 2020, Button 2019). Anecdotally, we 
witnessed the highest numbers of diurnally active hellbenders in late April and early 
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May, similar to Bodinof Jachowski et al. (2020).  Two of our three shelter arrays were 
deployed following this season of high activity, which may have reduced the likelihood 
that a hellbender would encounter a shelter. It is also possible that shelter occupancy 
increases over time because shelters become more attractive to hellbenders once they 
have been weathered for a longer period of time, or that hellbenders have more time to 
encounter the shelters (Bodinof Jachowski et al. 2020, Button 2019). We speculate 
occupancy rates might also increase as subadults enter the adult population in the years 
following deployment and are looking to establish their own permanent cover.  Our 
inability to detect a strong predictor of shelter occupancy may have also been affected by 
the way we defined occupancy (i.e., by shelter rather than occasion). Our analysis 
assumed the occupancy state of a shelter was recorded without error. However, it is 
possible that a shelter was occupied between monitoring visits, but the hellbender had 
moved out prior to detection, therefore our occupancy rate is likely conservative. For the 
reasons outlined, further research on hellbender preference of shelter designs in other 
systems where hellbender shelters have high occupancy rates would be beneficial.  
 
MANAGEMENT IMPLICATIONS  
Our study highlights the repercussions of choosing inappropriate sites for shelter 
deployment, as shelters are incredibly laborious to construct, deploy and maintain.  
Ultimately, management and conservation goals and site characteristics should be used to 
determine whether artificial hellbenders shelters are appropriate. If the goal is to recover 
a declining hellbender population, it would be wise to determine if the population is 
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being limited by adult hellbender habitat features (boulder and bedrock) before deploying 
shelters, as the population might be limited by other factors (poor water quality, lack of 
larval habitat), and in those cases artificial shelters would not solve the intended problem. 
If the hellbender population is limited by the availability of preferred adult habitat and 
shelters would successfully fill that need, then stream characteristics should be 
considered. In larger, higher order rivers with frequent episodic high discharge events, we 
recommend larger, heavier, and more streamlined shelters (i.e. the hydrodynamic 
shelter), as they are less likely to get dislodged. In smaller, lower order streams that 
experience less fluctuation in discharge, we recommend the modified boot design, as it is 
smaller and therefore easier to construct and deploy in large quantities. We recommend 
monitoring shelters at least once every 40 days, although in highly sedimented streams, 
any of the design options will require more frequent maintenance. There may be a 
threshold of sedimentation where artificial shelter use is no longer feasible, as it would 
require an unrealistic maintenance regime.  Button (2019) conducted a pilot study where 
they deployed a shelter array in a highly sedimented, low-quality stream within the upper 
New River basin, and found that shelters were blocked by sediment within one week of 
deployment. This is troubling and a true limitation for artificial shelter use, as their 
benefit is minimized in locations where hellbender populations are likely most at risk due 
to sedimentation (Wheeler et al. 2003, Quinn et al. 2013). We recommend deploying a 
few shelters to determine whether the conditions in that stream are conducive to shelter 
functionality before committing to a full array, which is incredibly laborious to install and 
maintain (Bodinof Jachowski et al. 2020, Button 2019). Recent studies have found that 
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strategically placing the angle of the tunnel decreases sediment buildup at entrances 
(Button 2019), and these findings in conjunction may inform the optimal location of 
shelter placement. 
Finally, our study highlights the importance of site selection. We learned firsthand 
the critical need to visually verify that hellbenders are still present in a reach before 
deploying shelters. In our case, we based our original selection of study sites on historical 
(within the previous 10 years) presence/absence data for hellbenders. As a result, we 
spent our first season monitoring shelters in stream reaches with few to no hellbenders. 
Also, we experienced several cases of humans disturbing shelters during our study, such 
as removal of shelters from the stream or removal of hardware from the shelters. Thus, 
















Akaike, H. 1974. A New Look at the Statistical Model Identification. IEEE Transactions 
on Automatic Control 19(6): 716-723.  
 
Boyce, M. S., Vernier, P. R., Nielson, S. E., and F. K. A. Schmiegelow. 2002. Evaluating 
resource selection functions. Ecological Modelling 157: 281–300. 
 
Briggler, J. T. and J. R. Ackerson. 2012. construction and use of Artificial Shelters to 
Supplement habitat for hellbenders (Cryptobranchus alleganiensis). 
Herpetological Review 43(3): 412-416. 
 
Button, S. T. 2019. Improving the Utility of Artificial Shelters for Monitoring Eastern 
Hellbender Salamanders (Cryptobranchus alleganiensis alleganiensis). Thesis, 
Virginia Polytechnic Institute and State University, Blacksburg, USA. 
 
Bodinof Jachowski, C. M. 2016. Effects of Land Use on Hellbenders (Cryptobranchus 
alleganiensis) at Multiple Levels and Efficacy of Artificial Shelters as a 
Monitoring Tool. Dissertation, Virginia Polytechnic Institute and State 




Bodinof Jachowski, C. M., Ross, B. E., and W. A. Hopkins. 2020. Evaluating artificial 
shelter arrays as a minimally invasive monitoring tool for the hellbender 
Cryptobranchus alleganiensis. Endangered Species Research 41: 167-181.  
 
Elwood J.W., Sale M.J., Kaufmann P.R., and G. F. Cada 1991. The Southern Blue Ridge 
Province. In: Charles D.F. (eds) Acidic Deposition and Aquatic Ecosystems. 
Springer, New York, NY 
 
Frissell, C. A., W. J. Liss, C. E. Warren, and M. D. Hurley. 1986. A hierarchical 
framework for stream habitat classification: wiewing streams in a watershed 
context. Environmental Management 10: 199–214. 
 
Humphries, W. J., and T. K. Pauley. 2005. Life History of the Hellbender, 
Cryptobranchus alleganiensis, in a West Virginia Stream. The American Midland 
Naturalist 154 (1): 135-142. 
 
Messerman, A. 2014. The Use of Nest Boxes by the Hellbender Salamander in Western 
North Carolina. Thesis, Duke University, Durham, USA. 
 
Mohammed, M. G., Messerman, A. F., Mayhan, B. D., and K. M. Trauth.  2016. Theory 
and Practice of the Hydrodynamic Redesign of Artifcial Hellbender Habitat. 




Nickerson, M. A. and K. L. Krysko. 2003. Surveying for Hellbender Salamanders, 
Cryptobranchus alleganiensis (Daudin): A Review and Critique. Applied 
Herpetology 1(1): 37-44.  
 
Petranka, J. W. 1998. Salamanders of the United States and Canada. Smithsonian 
Institute Press. Washington, DC. 587 pp. 
 
Pittillo, J. D., Hatcher, R. D., and S. W. Buol. 1998. Introduction to the environment and 
vegetation of the Southern Blue Ridge Province. Castanea 63: 202–216. 
 
Pugh, M. W., Hutchins, M., Madritch, M., Siefferman, L., and M. M. Gangloff. 2016. 
Land-use and Local Physical and Chemical Habitat Parameters Predict Site 
Occupancy by Hellbender Salamanders. Hydrobiolgia 770(1): 105-116. 
 
Quinn, S. A., Gibbs, J. P., Hall, M. H., and P. J. Petokas. 2013. Multiscale Factors 
Influencing Distribution of the Eastern Hellbender Salamander (Cryptobranchus 
alleganiensis alleganiensis) in the Northern Segment of Its Range. Journal of 
Herpetology 47(1): 78-84.  
 
Wolman, M. G. 1954. A Method of Sampling Coarse River-Bed Material. American 




Wentworth, C. K. 1922. A Scale of Grade and Class Terms for Clastic Sediments. 
Journal of Geology 30(5): 377-392. 
 
Wheeler, B. A., Prosen. E., Mathis, A., and R. F. Wilkinson. 2003. Population Declines 
of a Long-Lived Salamander: a 20+ Year Study of Hellbenders, Cryptobranchus 
alleganiensis. Biological Conservation 109: 151-156. 
 
Williams, R. D., Gates, J. E., Hocutt, C. H., and G. J. Taylor. 1981. The Hellbender: A 






















Table 1. Substrate composition determined by modified Woleman (1954) pebble counts 







COBBLE BOULDER BEDROCK 
WOODY 
DEBRIS 
TC 0.10 0.08 0.21 0.34 0.12 0.15 0.01 
BC 0.15 0.13 0.20 0.25 0.19 0.06 0.02 
CR 0.08 0.11 0.29 0.31 0.10 0.10 0.01 
WF 0.19 0.03 0.14 0.35 0.26 0.03 0.01 
ST 0.03 0.01 0.20 0.47 0.10 0.18 0.00 


























Table 2. Deployment, monitoring period, and site characteristics for Cryptobranchus 
alleganiensis artificial shelters deployed in western NC, USA, 2018-2019.  












ST French Broad 100 809.81 23 29 - 30 May 2019 24 Sept 2019 
WF French Broad 100 770.19 9 25 April 2019 20 Sept 2019 
SC Little Tennessee 80 595.85 17 15  - 16 June 
2019 
24 Sept 2019 
TC Little Tennessee 100 632.73 11 12 - 21 May 2018 26 August 2018 
BC Little Tennessee 100 620.24 8 5 - 10 May 2018 26 August 2018 























Table 3. Covariates hypothesized to influence the availability and occupancy of artificial 






Shelter type Availability/Occupancy Discrete variable categorizing shelters 
design  
-/+ 
Shelter group Availability/Occupancy Discrete variable categorizing shelters 




Availability/Occupancy Continuous variable describing distance 
to nearest large substrate (> 256 mm) 
-  
Distance to bank 
(m) 
Availability/Occupancy Continuous variable describing distance 
between shelter and nearest stream bank  
- 
Water depth (cm) Availability/Occupancy Continuous variable describing height of 





Availability/Occupancy Continuous variable describing flow rate 




Availability/Occupancy Continuous variable describing flow rate 
at the stream bottom 
-/+ 
Mesohabitat Availability/Occupancy Discrete variable categorizing the 
stream section as “pool”, “run”, or 
“riffle” 
+ in pools and 
runs, - in riffles 
Days since last 
visit 
Availability Continuous variable describing the 





Occupancy Continuous variable describing the 
proportion of the entrance that is 




Availability/Occupancy Continuous variable describing the size 
of the upstream watershed 
- 
Availability rate  Occupancy  Continuous variable describing 
proportion of visits in which a shelter 
was "available" to hellbenders  
+ 
Proportion fine 
sediment in reach 
Availability Continuous variable describing the 
proportion of the reach made of sand 
and fine gravel  
- 
Proportion 
boulder in reach 
Availability/Occupancy Continuous variable describing the 
proportion of the reach made of sand 
and fine gravel  
-/+ 
Proportion 
bedrock in reach  
Availability/Occupancy Continuous variable describing the 
proportion of the reach made of sand 








Table 4. A priori models representing hypotheses regarding factors associated with the 
probability that a shelter will be available to Cryptobranchus alleganiensis (i.e., present, 
not blocked by sediment, and lid on) at each monitoring visit. Shelter ID is included as a 
random effect to account for repeated observations of specific shelters. “Shelter_typeB” 
refers to the open bottom modified boot shelter design and “Shelter_typeC refers” to the 
hydrodynamic shelter design. 
MODEL NAME HYPOTHESIS MODEL STRUCTURE 
Shelter type + 
environment 
Shelter availability depends on shelter type as 
well as all environmental variables 
β 1(Intercept) + β2(Shelter_typeB) + 
β3(Shelter_typeC) + β4(Depth_cm)  + 
β5(Fine_percent) + β6(Vel_benth) + 
β7(Days_since_maint) + β8(Dist_bank) + 
ID  
Shelter group + 
environment  
Shelter availability depends on shelter group 
as well as all environmental variables 
β 1(Intercept) + β2(GroupHydrodynamic)  
+ β3(Depth_cm)  + β4(Bedrock_percent) 
+ β5(Vel_benth) + β6(Days_since_maint) 
+ β7(Dist_bank) + ID 
Environment Shelter occupancy depends only on 
environmental variables 
β 1(Intercept) + β2(Depth_cm)  + 
β3(Fine_percent) + β4(Vel_benth) + 
β5(Days_since_maint) + β6(Dist_bank) + 
ID 
Type Shelter availability is driven by shelter design, 
regardless of environmental factors 
β 1(Intercept) + β2(Shelter_typeB) + 
β3(Shelter_typeC) + ID 
Group Shelter availability depends on shelter design 
(boot or streamlined, but not type (including 
open/closed bottom)) 
β 1(Intercept) + β2(GroupHydrodynamic)  
+ ID 
Watershed Shelter availability is driven by shelter type 
and the size and power of the stream 
(catchment area as proxy for size and 
discharge) 
β 1(Intercept) + β2(Shelter_typeB) + 
β3(Shelter_typeC) + 
β4(Catchment_area_km2) + ID 
Hydrology Shelter availability depends on the hydrology 
of the microhabitat it's placed it as well as 
shelter design  
β 1(Intercept) + β2(Shelter_typeB) + 
β3(Shelter_typeC) + β4(Depth_cm) + 
β5(Vel_benth + ID 
Velocity Shelter availability depends on average mid 
level water velocity of shelter placement as 
well as shelter design  
β 1(Intercept) + β2(Shelter_typeB) + 
β3(Shelter_typeC) + β4(Vel_benth) + ID 
Force Shelter availability depends on the force of 
water hitting it, which is increased by bedrock  
β 1(Intercept) + β2(Shelter_typeB) + 
β3(Shelter_typeC) + β4(Vel_benth) + 
β5(Bedrock_percent) + ID 
Force 2 Shelter availability depends on whether the 
force of water is being lessened by boulders 
β 1(Intercept) + β2(Shelter_typeB) + 
β3(Shelter_typeC) + β4(Vel_benth) + 
β5(Boulder_percent) + ID 
Force x type Shelter availability depends on the interaction 
between shelter type and force of water hitting 
it  
β 1(Intercept) + β2(Shelter_typeB) + 
β3(Shelter_typeC) +  




β6(Vel_benth) + β7(Bedrock_percent) + 
ID 
Sediment  Shelter availability depends on the proportion 
of reach composed of fine sediment  
β 1(Intercept) + β2(Shelter_typeB) + 
β3(Shelter_typeC) + β4(Fine_percent) + 
ID 
Sediment 2 Shelter availability depends on the amount of 
fine substrate being moved by fast flow 
β 1(Intercept) + β2(Shelter_typeB) + 
β3(Shelter_typeC) + β4(Fine_percent) + 
β5(Vel_benth) + 
β6(Fine_percent*Vel_benth) + ID 
Maintenance  Shelter availability depends on shelter design 
as well as how often the shelter is maintained  
β 1(Intercept) + β2(Shelter_typeB) + 
β3(Shelter_typeC) + 
β4(Days_since_maint) + ID 
Maintenance 2  Shelter availability depends on shelter type, 
how often it's maintained, and the 
microhabitat velocity 
β 1(Intercept) + β2(Shelter_typeB) + 
β3(Shelter_typeC) + 




Shelter availability depends on the interaction 
between days since maintenance and amount 
of fine sediment in the reach, as the proportion 
of fine sediment in the reach influences the 
effect of maintenance regime  





















Table 5. A priori models representing hypotheses regarding factors associated with the 
probability that a shelter will be occupied by Cryptobranchus alleganiensis (occupancy is 
defined by if the shelter was occupied at least once across all monitoring visits). 
“Shelter_typeB” refers to the open bottom modified boot shelter design and 
“Shelter_typeC refers” to the hydrodynamic shelter design. 
MODEL NAME  HYPOTHESIS  MODEL STRUCTURE  
Shelter type + 
environment 
Shelter occupancy depends on shelter type as 
well as all environmental variables  
β 1(Intercept) + β2(Shelter_typeB) + 
β3(Shelter_typeC) + 
β4(Available_rate) + β5(Avg_open) 
+ β6(Depth_cm)  + β7(Dist_boulder) 
+ β8(Fine_percent) + β9(Vel_mid) 
Environment  Shelter occupancy depends only on 
environmental variables  
Β1(Intercept) + β2(Available_rate) + 
β3(Avg_open) + β4(Depth_cm)  + 
β5(Dist_boulder) + β6(Fine_percent) 
+ β7(Vel_mid) 
Shelter type Shelter occupancy is driven by shelter design, 
regardless of environmental factors 
β 1(Intercept) + β2(Shelter_typeB) + 
β3(Shelter_typeC)  
Shelter group Shelter occupancy depends on shelter design 
(boot or streamlined, but not type (including 
open/closed bottom)) 
β 1(Intercept) + 
β2(GroupHydrodynamic)  
Entrance 1 Shelter occupancy depends on how closed up 
the tunnel is with sediment, averaged among 
all visits  
β 1(Intercept) + β2(Avg_open) 
Entrance 2 Shelter occupancy depends on how closed up 
the tunnel is with sediment, averaged among 
all visits, as well as shelter design  
β 1(Intercept) + β2(Shelter_typeB) + 
β3(Shelter_typeC) + β4(Avg_open) 
Depth 1 Shelter occupancy depends on depth of shelter 
placement as well as shelter design 
β 1(Intercept) + β2(Shelter_typeB) + 
β3(Shelter_typeC) + β4(Depth_cm)  
Depth 2 Shelter occupancy depends on depth of shelter 
placement, regardless of shelter design 
β 1(Intercept) + β2(Depth_cm)  
Velocity 1 Shelter occupancy depends on average mid 
level water velocity of shelter placement as 
well as shelter design  
β 1(Intercept) + β2(Shelter_typeB) + 
β3(Shelter_typeC) + β4(Vel_mid) 
Velocity 2 Shelter occupancy depends on average mid 
level water velocity of shelter placement 
regardless of shelter design  
β 1(Intercept) + β2(Vel_mid) 
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Catchment Shelter occupancy is driven by shelter type and 
the size and power of the stream (catchment 
area as proxy for size and discharge) 
β 1(Intercept) + β2(Shelter_typeB) + 
β3(Shelter_typeC) + 
β4(Catchment_area_km2) 
Proximity 1 Shelter occupancy depends on how close the 
shelter was placed to natural cover  
β 1(Intercept) + β2(Dist_boulder) 
Proximity 2 Shelter occupancy depends on shelter design as 
well as how close it was placed to natural 
cover 
β 1(Intercept) + β2(Shelter_typeB) + 
β3(Shelter_typeC) + 
β4(Dist_boulder) 
Availability 1 Shelter occupancy depends on the proportion 
of time that shelter has been available to 
hellbenders 
β 1(Intercept) + β2(Available_rate) 
Availability 2 Shelter occupancy depends on the proportion 
of time that shelter has been available to 
hellbenders, which is related to the velocity of 
then shelter microhabitat 
β 1(Intercept) + β2(Available_rate) + 
β3(Vel_mid) 
Boulder 1 Shelter occupancy depends on the availability 
of natural cover in the reach  
β 1(Intercept) + β2(Boulder_percent) 
Boulder 2 Shelter occupancy depends on the proportion 
of natural cover in the reach as well as how 
close that cover is to the shelter  
β 1(Intercept) + β2(Boulder_percent) 
+ β3(Dist_boulder) 
Microhabitat 1 Shelter occupancy depends on the hydrology 
of the microhabitat it's placed it as well as 
shelter design  
β 1(Intercept) + β2(Shelter_typeB) + 
β3(Shelter_typeC) + β4(Depth_cm) 
+ β5(Vel_mid) 
Microhabitat 2 Shelter occupancy depends on the hydrology 
of the microhabitat it's placed it, regardless of 
shelter type 
β 1(Intercept) + β2(Depth_cm) + 
β3(Vel_mid) 
Null  None of the variables explain the variability in 
shelter occupancy  









Table 6. Summary of artificial shelter availability and occupancy and attributes of 
Cryptobranchus alleganiensis observed using artificial shelters in 6 stream reaches. 
Shelters were considered available if they were not dislodged, if the tunnel was not 
blocked, and the lid was in place. Availability and occupancy rates are calculated with the 















ST 30 7 0.77 0.11 6 
422.94 (360.50-
496.00) 
WF 30 0 0.71 0.05 6 
372.00 (267.50-
416.00) 
SC 30 2 0.79 0.01 1 ** 
TC 30 0 0.77 0.00 0 - 
BC 30 1 0.50 0.00 0 - 
CR 30 4 0.75 0.00 0 - 
 
** Although one hellbender was detected using a shelter at SC, the hellbender evaded 











Table 7. Range of measured continuous variables for both shelter availability and 
occupancy by Cryptobranchus alleganiensis in western NC, USA, 2018-2019. 














































































































Table 8. Top-ranked models describing artificial shelter availability for Cryptobranchus 
alleganiensis in western NC, USA, 2018-2019. 
MODEL MODEL STRUCTURE AICC ΔAICC MODELLIK AICCWT AUC 
Shelter type+ 
environment 
β 1(Intercept) + 
β2(Shelter_typeB) + 
β3(Shelter_typeC) + 




β8(Dist_bank) + ID  
968.79 0.00 1.00 0.40 .66 
Environment  β 1(Intercept) + β2(Depth_cm)  
+ β3(Fine_percent) + 
β4(Vel_benth) + 
β5(Days_since_maint) + 
β6(Dist_bank) + ID 















Table 9. Parameter estimates for the top-ranked model describing the probability of 
shelters remaining available to Cryptobranchus alleganiensis in western NC, USA, 2018-
2019.  
MODEL  PARAMETER ESTIMATE STD. ERROR LOWER 95% CI UPPER 95% CI 
Shelter + 
environment  
(Intercept) 0.85 0.17 0.51 1.21 
 Shelter_typeB 0.03 0.25 -0.46 0.53 
 Shelter_typeC** 0.61 0.26 0.12 1.13 
 Depth_cm** -0.24 0.12 -0.48 -0.01 
 Fine_percent 0.12 0.14 -0.15 0.40 
 Vel_benth** 0.34 0.12 0.11 0.60 
 Days_since_maint
** 
-0.66 0.11 -0.89 -0.47 
 Dist_bank_m** 0.26 0.12 0.03 0.51 
      
** indicates variables with model coefficients whose 95% confidence intervals do not 














Table 10. Models comprising 50% of overall AICc weight describing artificial shelter 
occupancy by Cryptobranchus alleganiensis in western NC, USA, 2018-2019. 
MODEL MODEL STRUCTURE AICc Δ_AICc MODELLIK AICcWT 
AUC 
Velocity 2 β 1(Intercept) + β2(Vel_mid) 88.23 0.00 1.00 0.17 0.42 
Null β 1(Intercept)  89.27 1.04 0.59 0.10 - 
Microhabitat 
2 
β 1(Intercept) + β2(Depth_cm) + 
β3(Vel_mid) 
89.64 1.41 0.49 0.08 - 




90.14 1.90 0.39 0.06 - 
Proximity 1 β 1(Intercept) + β2(Dist_boulder) 90.22 1.98 0.37 0.06 - 
Depth 2 β 1(Intercept) + β2(Depth_cm)  90.32 2.08 0.35 0.06 - 
Availability 
2 
β 1(Intercept) + 
β2(Available_rate) + 
β3(Vel_mid) 
90.34 2.10 0.35 0.06 - 
Shelter type β 1(Intercept) + 
β2(Shelter_typeB) + 
β3(Shelter_typeC)  












Table 11. Parameter estimates for top-ranked model describing the probability of shelters 
being occupied by Cryptobranchus alleganiensis in western NC, USA, 2018-2019.  
MODEL  PARAMETER ESTIMATE STD. ERROR LOWER 95% CI UPPER 95% CI 
Velocity 2 (Intercept) -1.52 0.28 -2.12 -1.00 
























Figure 1. The modified boot hellbender shelter design (left, Briggler and Ackerson 2012) 
and the hydrodynamic hellbender shelter design (right, Mohammed et al. 2016). The 





















Figure 2. Estimated effects of the water depth on the probability that each shelter type (a: 
closed bottom modified boot, b: open bottom modified boot, c: hydrodynamic) would 
remain available to Cryptobranchus alleganiensis between monitoring visits in western 
NC, USA, 2018-2019. The solid line represents the true probability of a shelter being 











Figure 3. Estimated effects of benthic water velocity on the probability that each shelter 
type (a: closed bottom modified boot, b: open bottom modified boot, c: hydrodynamic)  
would remain available to Cryptobranchus alleganiensis between monitoring visits in 
western NC, USA, 2018-2019. The solid line represents the true probability of a shelter 











Figure 4. Estimated effects of days since maintenance on the probability that each shelter 
type (a: closed bottom modified boot, b: open bottom modified boot, c: hydrodynamic) 
would remain available to Cryptobranchus alleganiensis between monitoring visits in 
western NC, USA, 2018-2019. The solid line represents the true probability of a shelter 












Figure 5. Estimated effects of the distance to nearest stream bank on the probability that 
each shelter type (a: closed bottom modified boot, b: open bottom modified boot, c: 
hydrodynamic) would remain available to Cryptobranchus alleganiensis between 
monitoring visits in western NC, USA, 2018-2019. The solid line represents the true 
probability of a shelter being available, the shaded areas represent the upper and lower 
95% confidence intervals.  
41 
 
Chapter 2: Resource Selection Patterns of Immature Eastern 
Hellbenders in North Carolina** 
 
Lauren Diaz, Shem D. Unger, Lori A. Williams, and Catherine M. Bodinof Jachowski 
 




The Eastern Hellbender (Cryptobranchus alleganiensis alleganiensis) is a giant 
salamander has experienced range-wide declines within the streams it inhabits in the 
eastern United States. It is estimated that hellbenders have declined by 70% in some 
portions of their range, and many populations are composed solely of older adults, 
suggesting that a lack of successful breeding or low larval survival may be driving 
declines. Although successful reproduction and larval survival influences the long-term 
stability of hellbender populations, little is known about the ecological requirements of 
immature age classes. Understanding the requirements of immature Eastern Hellbenders 
is essential for accurately gauging population health and guiding conservation efforts. 
The objective of our study was to investigate associations between immature hellbender 
habitat use and abiotic factors hypothesized to influence survival.  We measured resource 
selection of immature hellbenders within a use/availability framework in six streams in 
North Carolina known to contain all hellbender age classes. Our results suggest that 
immature hellbenders select home ranges based on a slower water velocity and the 
presence of unembedded cobble beds and, within that home range, select unembedded 
mid-sized cover (18-28 cm) as microhabitat. We recommend targeting immature age 
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classes during monitoring surveys to ensure a complete understanding of a population’s 
status and doing so by prioritizing areas of the stream with a slower current and beds of 
heterogenous, unembedded cobble. We also recommend taking the habitat preferences of 
immature age classes into consideration when selecting candidate sites for hellbender 




The hellbender (Cryptobranchus alleganiensis) is a long-lived (Taber et al. 1975), 
fully aquatic salamander in the giant salamander family (Cryptobranchidae; Petranka 
1998). The eastern subspecies’ (C. a. alleganiensis) historic range includes 15 states in 
the eastern United States from New York south to Georgia with a disjunct population in 
Missouri. The Ozark subspecies (C. a. bishopi) occurs in southern Missouri and northern 
Arkansas (Petranka 1998, Williams et al. 1981). Hellbenders are habitat specialists and 
require shallow streams with highly oxygenated, cold, swift flowing water and the 
presence of interstitial spaces and large rocks for daily cover and breeding (Humphries 
and Pauley 2005, Williams et al. 1981, Petranka 1998). Because of their specific habitat 
requirements as well as their cutaneous respiration, hellbenders are considered an 
indicator of stream health (Pugh et al. 2016).  
Hellbenders have declined by an estimated 70% in some portions of their range, with 
similar declines suspected elsewhere (Wheeler et al. 2003, Unger et al. 2013). Even 
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within regions with seemingly stable populations, many populations are composed of 
older and larger adults signaling a lack of successful breeding and extinction lag (Hecht-
Kardasz et al. 2012, Wheeler et al. 2003, Burgmeier et al. 2011a). Although a population 
viability analysis of Eastern Hellbenders has shown the importance of larval survival 
rates on long-term population stability (Unger et al. 2013), very little is known about the 
basic natural history and ecological requirements of emergent larvae, and detection of 
animals smaller than 200 mm total length is rare (Foster et al. 2009, Nickerson et al. 
2003, Hecht et al. 2017, da Silva Neto 2019). It is unclear whether the lack of larvae and 
juveniles encountered during previously published surveys is due to the lack of targeted 
surveys, true absence, or a low detection probability based on their use of cryptic 
microhabitats (Petranka 1998, Foster et al. 2009). Current hellbender survey 
methodologies target large rocks, but evidence suggests that hellbenders may shift their 
microhabitat preferences throughout life according to their size (Pugh et al. 2018, 
Nickerson and Krsyko 2003, Hecht et al. 2017). Because of intraspecific competition and 
cannibalism, young hellbenders may avoid cover rocks used by adult and sub-adult 
hellbenders (Hecht et al. 2017, Petranka 1998). Preliminary research from Tennessee and 
Missouri suggests that larvae may prefer pebble and cobble substrate and use the 
interstitial matrix of the substrate for daily cover, although this likely varies across 
ecoregions (Nickerson and Krysko 2003, da Silva Neto 2019, Hecht et al. 2017).   
Understanding habitat requirements of immature hellbenders is essential for 
determining factors driving their decline and guiding future management actions 
(Wheeler et al. 2003, Unger et al. 2013). A more robust knowledge of the ecological 
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requirements of young age classes would benefit population monitoring and status 
assessment efforts, selection of candidate sites for reintroduction, and guiding stream 
restoration initiatives that benefit benthic life. The objective of our study was to 
investigate resource selection patterns of larval and juvenile hellbenders from stable and 
breeding populations in North Carolina. In the process of addressing this objective, we 
investigated alternative survey methodologies for larvae to inform future survey efforts 
aimed at immature age classes.  
 
METHODS  
Study sites  
Our study sites included six streams in western North Carolina. Streams were in 
the Hiawassee (n=1), Little Tennessee (n=1), and French Broad (n=4) river basins, which 
are all within the Southern Blue Ridge geographic province (Pittillo et al. 1998). The 
Southern Blue Ridge is characterized by steep mountains, high rainfall, acidic and 
infertile soils, and metamorphic geology (Elwood et al. 1991). We chose sites where all 
age hellbender age classes have been detected within the last decade (NCWRC, 
unpublished data). We choose not to publish specific localities due to the protected status 
of our study species and risk of poaching and harassment.  
 Our study sites were all relatively high elevation (565-768 m), clear, shallow, 
rocky streams containing riffle, pool, and run habitat, as well as a heterogenous substrate. 
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All sites had forested upstream catchments within United States Forest Service (USFS) 
property. Wetted width in the center of each reach which ranged from 7-21 m (Table 1). 
Field surveys  
We conducted a pilot study from May-July 2018 to determine which survey 
method was most appropriate for detecting larval and juvenile hellbenders. We defined 
larval hellbenders as gilled animals ≤ 130 mm and juveniles as un-gilled animals with a 
total length ≤ 200 mm. In our pilot study, we compared two snorkeling survey 
methodologies: 1) random quadrat surveys within an adaptive sampling framework (Silvy 
2012) and 2) exhaustive cover searches along transects (hereafter, cobbling surveys). 
Random quadrat surveys proved inefficient at detecting immature hellbenders in a stream 
reach with high hellbender densities (one animal detected in three random quadrat 
surveys compared to nine animals detected in six cobbling surveys). As a result, we used 
cobbling surveys exclusively for the remainder of our study.  
Cobbling surveys involved two or more observers slowly moving upstream along 
zigzag shaped transects and searching the first one to three levels of the stream substrate 
by hand. Surveys took place from July-August 2018 and May-August 2019 (Table 1). 
Each stream reach was surveyed three to six times throughout both seasons and were 
typically surveyed every two to four weeks, with some reaches being opportunistically 
surveyed twice within the same week. We only surveyed cover objects that were visually 
estimated to have an intermediate axis (Wentworth 1922) ≤ 40 cm, as larger particles 
represent typical adult cover. Although larvae and juvenile hellbenders have been 
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occasionally detected under adult sized cover (L. Williams, NCWRC, unpublished data; 
Bodinof Jachowski et al. 2018), this is rare. For example, between 2013-2016 only 1% 
(10 of 570) of hellbenders captured by one author (C. Jachowski) under cover objects ≥ 
30 cm diameter measured ≤ 200 mm in total length (unpubl. data). In order to maximize 
efficiency of our surveys and limit disturbance to adult hellbenders and their habitat, we 
ignored cover objects > 40 cm diameter during our surveys. We rotated observers among 
transects to minimize observer bias.  
When we encountered larval or juvenile hellbenders, we hand captured them 
using mesh laundry bags and placed them in Ziploc bags for processing. We weighed 
animals to the nearest 0.1 g and measured total length (TL; mm) and snout-to-vent length 
(SVL; mm). We gave each animal an individual fluorescent visual implant elastomer 
mark (VIE; Northwest Marine Technology, Inc., Shaw Island, WA), injected under the 
skin on the ventral surface of the feet. After processing, we released larvae at the point of 
capture and flagged the location to ensure the cover object would not be disturbed during 
the remainder of data collection.  
Defining use. — We measured habitat covariates at used points for each animal (Table 
2). At each used point, we measured water depth (cm) using a standard meter stick, water 
velocity (m/sec) directly upstream of the cover object at two depths (mid-depth, benthic) 
using a flow probe (Global Water Instruments, Xylem Inc., College Station, TX, USA), 
and size of the used cover object by placing a meter stick along the b-axis (second longest 
axis of object). If a hellbender was found in the open, we used the size of the substrate it 
was sitting on to define the used substrate. We defined the object size class (sand, gravel, 
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pebble, cobble, boulder, or bedrock) according to the Wentworth (1922) size class scale. 
Because a b-axis could not be assigned to bedrock, we defined the b-axis of bedrock as 
an arbitrarily small number, since we hypothesized that the functional utility of bedrock 
as cover for small hellbenders would be most similar to sand. We recorded whether the 
object was embedded (partially or fully buried in the riverbed) or unembedded (lose in 
the riverbed), and defined the habitat as pool (slow moving water), run (swift water with 
no surface disruption), or riffle (swift water with surface disruption) (Frissell et al. 1986). 
Lastly, we measured the distance to the nearest boulder (cm) and to the stream bank (m) 
using a standard meter tape.  
Defining availability. — We recorded the same data (per observation) for available 
points using a list of randomly generated distances and azimuths, also selectively 
omitting objects ≥ 40 cm from our definition of available habitat. We considered 
availability at two spatial scales within the four hierarchical orders of selection (Johnson 
1980). The first order of selection refers to the geographic range of a species, the second 
order refers to an individual animals used home range, the third order of selection refers 
to an animals microhabitat within that home range (such as site where an animal forages 
or takes shelter), and the fourth order of selection refers to a specific resource, such as a 
prey item. (Johnson 1980). To quantify second order selection (hereafter ‘home range 
scale’) we selected three random points located 5-20 m from the used location. To 
quantify third order selection (hereafter ‘microhabitat scale’) we selected three random 
points within five meters of the used location. When a random point fell outside the 
wetted stream channel, we used the next combination of distance and azimuth. Although 
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there is currently no literature describing the home range, space use, or dispersal abilities 
of larval and juvenile hellbenders, we chose these distances as representatives of 2nd and 
3rd order spatial scales based on typical sedentary nature of adult hellbenders. One study 
following 20 adult hellbenders reported an average movement distance of only 27.5 m 
during the summer months and breeding season (Burgmeier et al. 2017).  
Data analysis  
We used discrete choice models (Cooper and Millspaugh 1999) to quantify 
resource selection of larval hellbenders at home range and microhabitat scales. Discrete 
choice models allow for availability to be defined separately for each used location. 
Within a discrete choice framework each used location is paired with one or more 
available locations in the form of a choice set and the relative probability of using a given 
resource is estimated based on the resources available to an individual at a particular time 
(Cooper and Millspaugh 1999). Unlike models where availability is held constant, this 
method offers the potential to account for variation in availability over time and space in 
dynamic systems and is therefore particularly appropriate for stream dwelling species 
with limited movement (Bodinof et al. 2012, McDonald et al. 2006).  
Model development. — Prior to model fitting, we screened variables for collinearity 
using a correlation matrix, and assumed a correlation was problematic when the 
Pearson’s correlation coefficient was ≥ |0.6|. We removed benthic velocity from the set of 
variables because it was highly correlated with mid-depth velocity (r = 0.69). We scaled 
and centered all continuous predictor variables to have a mean of 0 prior to model fitting.  
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We generated a priori models representing hypotheses regarding factors 
associated with larval hellbender resource selection and fit our models using the ‘mlogit’ 
package in program R (R Development Core Team, 2018). We fit 12 candidate models 
for our home range scale analysis (Table 3) and 15 candidate models for our microhabitat 
scale analysis (Table 4).   
Model ranking. — We ranked models using Akaike’s Information Criterion adjusted for 
small sample sizes (AICc; Akaike 1974) and considered any model that fell within 2 
ΔAICcs of the top-ranked model in our confidence set of models. When we observed 
model selection uncertainty, we examined the individual parameter estimates and 
confidence intervals among the top-ranked models and discuss the relative weight of 
evidence for the hypothesis represented by each.  We defined individual parameter 
effects to be supported if the 95% confidence intervals of their corresponding model 
coefficients did not overlap zero.  
Model validation. — We used a five-fold cross validation to evaluate the predictive 
ability of our top-ranked models (Boyce et al. 2002). Based on our sample sizes, we 
conducted five iterations using a 70/30 split of training data to testing data. We fit our 
model to the five sets of training data, then used those effect sizes to make predictions on 
the corresponding set of testing data. We calculated the percent of pairwise 
(used:available) cases when the used location was predicted to have a higher relative 
probability of selection than an available location within the same choice set. Based on 
these methods, a value of 100% would indicate perfect model performance, and a value 
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We collected 78 choice sets for each of our home range scale and microhabitat 
scale analyses. We measured used and available habitat characteristics for locations used 
by 72 individual hellbenders from six streams and three watersheds (Table 5). We 
recaptured six individuals two to four weeks following initial capture and marking, all 
within 20 meters of their original capture location. Of the six recaptured individuals, 
three were larvae and three were juveniles. Most observations (n=40) came from one 
stream within the Hiwassee drainage. We collected between 5-15 observations from each 
of the other five sites. Of the 78 choice sets, 45 were from gilled larvae and 33 were from 
juveniles.  
Hellbender selection 
Second order (home range scale) selection.— At the home range scale, the two models 
that fell within our confidence set cumulatively carried 99% of the AICc model weight.  
The top-ranked model was our global model, which included all measured variables (wt1 
= 0.70). Model weights indicated that the top-ranked model was over twice as likely to be 
the best fitting model in our candidate set than the second rank model (Table 6).  The 
second-ranked model was a substrate characteristics model that included a quadratic form 
of cover size and embeddedness of cover (wt2 = 0.30). The parameters in the substrate 
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model had nearly identical effect sizes and confidence intervals to the same parameters in 
the global model (Table 7). Thus, for simplicity, we only discuss the top-ranked (global) 
model further.  
Our top-ranked model indicated that home range selection was positively 
associated with unembedded cobble (Fig. 1) and relatively low mid-depth water 
velocities (< 0.1 m/sec; Fig. 2). The model indicated that cover objects measuring 12.5-
25.0 cm had the highest relative probabilities of selection. For example, substrate 
measuring 18.7 cm was 4.4 times more likely to be selected than an object the size of a 
newly hatched gilled larva (i.e., b-axis = 5 cm), and 1.6 times more likely be selected 
than an object that was the size of a sub-adult hellbender (i.e., b-axis = 26 cm). 
Regardless of size, an object that was not embedded was 13.1 times more likely to be 
selected than an object that was embedded, whether partially or fully. Probability of 
selection was highest when mid-depth flow velocities were 0 m/sec, and an animal was 
2.5 times more likely to select for a velocity of 0 m/sec over a velocity of 0.3 m/sec, 
which was the average water velocity across all use/availability measurements.  
Third order (microhabitat scale) selection.— At the microhabitat scale, the two top-
ranked models cumulatively carried 91% of the AICc model weight and both models 
were limited to variables associated with substrate characteristics. The top-ranked model 
(Substrate 1) included particle embeddedness and a quadratic form (x + x2) of cover 
object size  (wt1 = 0.53) and the second-ranked model (Substrate 2) included the same 
parameters as well as distance to boulder (wt2 = 0.38; Table 8). The effect sizes and 
confidence intervals for cover size and embeddedness were nearly identical among the 
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two models, and distance to boulder had a relatively small effect size and confidence 
interval that overlapped zero (Table 9), indicating considerable uncertainty regarding the 
effect of distance to boulder. For simplicity, we only discuss the top-ranked (i.e., 
Substrate 1) model further. 
Probability of selection at the microhabitat scale was positively associated with 
unembedded substrate ranging from 18-28 cm in size (Fig. 1). A cover object that was 
about 24.3 cm along the b-axis had the highest likelihood of use and was 10.2 times more 
likely to be selected than an object the size of a newly hatched gilled larva (i.e., 5 cm). 
An object that was not embedded was 29.1 times more likely to be selected than an object 
that was embedded, whether partially or fully. 
Model validation 
Our k-fold cross validations suggested that the top models for both scales of 
selection performed well. The home range scale global model predicted a higher 
probability of selection for the used resources on 77% of occasions. The microhabitat 
scale model predicted a higher probability of selection for the used resources on 77% of 
occasions as well.  
 
DISCUSSION 
To our knowledge, our study is the most robust quantitative analysis of fine-scale 
habitat selection for immature hellbenders. Our results provide novel insight into the 
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ecological requirements of hellbenders during the first few years of life, a critical stage 
impacting overall population recruitment (Wheeler et al. 2003, Foster et al. 2009, Unger 
et al. 2013). Our results suggest that larval and juvenile hellbenders selected home ranges 
with slow-moving water (relative to the broader stream reach) and an abundance of 
unembedded, mid-sized cobble particles (12.5-25.0 cm). Within their home range, larvae 
and juveniles selected relatively large cobble (18-28 cm) that were unembedded.  
Our results indicate that water velocity was an important driver of home range 
selection and highlight the importance of slow-moving water for larval and juvenile 
hellbenders. The exact reasons for the velocity effects we detected remain unclear. While 
swift current may have reduced our ability to detect larval hellbenders to some extent 
(i.e., some shallow swift habitat patches were impossible to survey effectively), it is 
worth noting that we detected other similarly sized salamanders (larval Desmognathus 
and Eurycea) in relatively swift current on a regular basis. Anecdotally, we noted that 
Desmognathus and Eurycea salamanders were agile in swift current and quick to avoid 
capture or find alternative cover once a rock was lifted while larval hellbenders tended to 
exhibit a ‘freeze’ response following exposure. Furthermore, we quickly learned that 
larval hellbenders had to be released with great care to avoid being washed downstream 
in even a relatively slow current. Thus, one possible explanation for our findings is that 
immature hellbenders have not yet developed a strong swimming ability and avoid swift 
current or have adapted to use a defense strategy that is not effective in swift water. 
While we did not detect a significant effect of distance to bank or distance to boulder in 
our analyses, many of our captures occurred in slower moving water near stream banks as 
54 
 
opposed to within the thalweg (i.e., main stream channel), unless a boulder or log slowed 
the water velocity upstream of the capture location. The findings of da Silva Neto et al. 
(2019), who did not consider water velocity explicitly, suggest evidence for an 
association between larval hellbender microhabitat selection and distance to bank in a 
Tennessee stream. Therefore, we believe there is likely a biologically relevant association 
between immature hellbender habitat selection and distance to bank or boulder.  
Taken alongside previous work describing resource selection of adult hellbenders – 
our findings provide evidence of niche partitioning among hellbender life stages 
according to substrate size classes (Nickerson et al. 2003, Hecht et al. 2017, da Silva 
Neto et al. 2019). Many have hypothesized an association between body size and 
substrate size of hellbenders, but no studies have detected one in adult hellbenders and 
few have detected one in immature hellbenders (Hecht et al. 2017). Due to our sample 
size, we pooled the cover selections for larval and juvenile hellbenders in our analysis, as 
we suspected they would select cover similarly. We ran a post-hoc linear regression 
comparing between used cover object size and total length of the animal, and found a 
slight correlation with a clear shift around the length in which a hellbender typically 
absorbs its gills (df = 72, p <  0.001, R2 = 0.31, Fig. 3). This suggests that a size gradient 
of unembedded cover objects is necessary for emergent hellbender larvae to fulfill their 
ecological needs as they grow in size. Importantly, we strategically omitted any adult 
sized cover (> 40 cm) from our searches and definitions of available habitat. As a result, 
our study was limited in that we were unable assess the relative importance of larger 
boulders for immature hellbenders. Thus, we urge caution against interpreting our 
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findings as evidence that boulders are not valuable resources for larvae. In systems where 
gravel and cobble beds are lacking, larval and juvenile hellbenders have been detected 
predominantly under adult sized cover (Hecht et al. 2017, Nickerson et al. 2003, Hillis 
and Bellis 1971). Hecht et al. (2017) observed hellbender larvae using an average cover 
size of 46.4 cm in the Little River of eastern Tennessee, which is larger than any substrate 
we included in our survey. However, the system studied by Hecht et al. (2017) was 
uniquely lacking in gravel and cobble which the author suspected may have forced larvae 
to use larger cover. Thus our findings may not necessarily apply to all hellbender 
systems, as ecoregion influences geomorphology and stream substrate characteristics 
(Bryce and Clark 1996, Hecht-Kardasz and Nickerson 2011, Nickerson et al. 2003). One 
substrate attribute that we did not consider here, but urge future work to investigate the 
importance of is density of potential cover objects , as we speculate that larval and 
juvenile hellbenders require a network of unembedded objects with an interstitial matrix 
of spaces to thrive (Hecht et al. 2017, Bodinof et al. 2012, Nickerson et al. 2003).  
Immature hellbenders remain understudied because they are incredibly cryptic and 
difficult to detect (Nickerson et al. 2003). Aside from one site that provided the majority 
of our detections, capture rates were incredibly low (mean 2.47 captures across all 
surveys, 0-10 captures/survey), even in streams with known breeding, stable, and dense 
adult hellbender populations (da Silva Neto 2019, Nickerson et al. 2003). One possible 
explanation for low detectability of larvae and juveniles may be that they use 
microhabitats unavailable to surveyors, such as bank substrate, root masses underneath 
the stream bank, fast shallow riffles, or the hyporheic zone several layers beneath the 
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surface of the riverbed (Feral et al. 2005, Foster et al. 2009). Typically, radio telemetry 
would be used to reduce bias in detectability associated with microhabitats unavailable to 
surveyors, however tracking technology has not yet been developed for animals as small 
as larval hellbenders (Silvy 2012). An assumption of our analyses was that we surveyed 
all habitats available to young hellbenders and that detectability was equal across all 
habitats, although many potential stream habitats within our system were not available to 
survey. We also did not consider effects of abundance or density of immature 
hellbenders, abundance of competitors (i.e. Desmognathus and Eurycea salamanders), or 
predators (adult hellbenders, benthic fish) into account in our analyses. There may be 
density dependent factors guiding resource selection, as well as niche partitioning with 
competitors, and avoidance of certain habitat features due to predation risk.  
Our findings have several implications for future conservation efforts for hellbenders. 
When a goal of monitoring is to detect immature age classes, we recommend that 
surveyors prioritize sampling areas of the stream characterized by slow-moving water (≤ 
0.1 m/sec) with unembedded substrates ranging from approximately 12-28 cm. In our 
systems, these microhabitats typically occur along the edges of the stream channel or 
immediately downstream of clusters of large boulders. Given that captive propagation 
and release is an increasingly popular conservation strategy for hellbenders (Ettling et al. 
2017, Kraus et al. 2017), we encourage managers to consider the presence of suitable 
larval and juvenile hellbender habitat as well as suitable sub-adult and adult habitat when 
selecting release sites for any age class. We recommend prioritizing release sites that 
have boulders suitable for adults, but also harbor resources preferred by immature age 
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classes, such as those described herein. Finally, we encourage managers consider the 
needs of larval and juvenile hellbenders during stream restoration efforts. Maintaining a 
heterogenous substrate is critical for ensuring that all hellbender age classes have access 
to suitable habitat and our findings suggest that creating heterogeneous water velocity 
conditions within a stream reach and minimizing sediment entering the stream channel 
(and thus embeddedness of cobble) is particularly important for ensuring that cover 
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Table 1. Survey chronology and site characteristics for larval and juvenile hellbender 
surveys conducted in western NC, USA, 2018-2019. In the total capture column, L 













1 French Broad 5 (L:2, J:3) 100 691 7 3 June -August 2018 
2 French Broad 9 (L:5, J:4) 250 652 20 4 
July-August 2018, 
August 2019 
3 French Broad 15 (L:7, J:8) 100 768 15 5 May-August 2019 






















Table 2. Resource covariates, measured at used and available points at two spatial scales, 
hypothesized to influence larval and juvenile Cryptobranchus a. alleganiensis habitat 




Distance to bank (cm) Continuous variable describing the distance from the 
point of interest to the nearest stream bank 
- 
Distance to boulder (m) Continuous variable describing the distance from the 
point of interest to the nearest adult hellbender habitat 
feature 
+ 
Substrate size class Discrete variable categorizing the cover object as 
“sand”, “fine gravel”, “coarse gravel”, “cobble”, 
“boulder”, “bedrock”, or “other” 
-/+ 
Substrate size (cm) Continuous variable describing the length of the cover 
object at the second longest (b) axis 
+ intermediate 
sizes 
Substrate embeddedness Discrete binary variable categorizing the cover object 
as “1” if fully or partially embedded and “0” if loose 
in riverbed 
-/+ 
Canopy cover Continuous variable describing how shaded the point 
of interest is 
+ 
Mesohabitat Discrete variable categorizing the stream section at 
the point of interest as “pool”, “run”, or “riffle” 
-/+ 
Water depth (cm) Continuous variable describing height of water 
column  
- 
Water velocity- mid depth 
(cm) 
Continuous variable describing flow rate in the center 
of the water column 
- 












Table 3. A priori models representing hypotheses regarding factors associated with larval 
and juvenile Cryptobranchus a. alleganiensis home range selection within three 
watersheds in western NC, USA., 2018-2019. 
Model name  Hypothesis  Model Structure  
Global  Hellbenders select a home range based on all 
measured, non-correlated variables 
β 1(Size) + β2(Size.squared) + 
β3(Embedded1) + β4(Embedded0)  + 
β5(Depth) + β6(Mid_vel) + 
β7(Dist_boulder) + β8(Dist_bank) + 
β9(Canopy) 
Predation Hellbenders select a home range away from high 
predation pressure. Larger predators are in deeper 
pools and use larger cover 
β 1(Dist_boulder) + β2(Mesohab-
pool) + β3(Mesohab-riffle) + 
β4(Mesohab-run) + β5(Depth) + 
β6(Size) + β7(Size.squared) 
Velocity Hellbenders select home range with low velocities, 
and selection probability quickly drops off after 
low threshold 
β 1(Mid_vel) 
Substrate  Hellbenders select home range with plenty of small 
interstitial spaces  
β 1(Embedded1) + β2(Embedded0) + 
β3(Size) + β4(Size.squared) 
Cover Hellbenders select home range based on 
availability of cobble and select against sand and 
bedrock  
β 1(Size) + β2(Size.squared) 
Hydrology Hellbender select home range based on the 
hydraulics of the water column 
β 1(Mid_vel) + β2(Depth) 
Habitat Hellbender select their home range based on 
mesohabitat, substrate composition, and light 
environment 
β 1(Mesohab-pool) + β2(Mesohab-
riffle) + β3(Mesohab-run) + β4(CC) 
+ β5(Size) + β6(Size.squared) 
Light 
environment  
Hellbenders select their home range based on how 
dark/shaded it is (closer to bank-- more canopy 
cover-- unless bridge?) 
β 1(Dist_bank) + β2(CC) 
Stability 1 Hellbenders select larger cobble in faster water, as 
larger cover is less likely to get dislodged  
β 1(Mid_vel) + β2(Size) + 
β3(Size.squared) + 
β4(Mid_vel*(Size*Size.squared))  
Stability 2 Hellbenders select a home range based on water 
velocity and substrate composition 
β 1(Mid_vel) + β2(Size) + 
β3(Size.squared) 
Mesohabitat Hellbenders select home ranges made up of pools 
and runs and select against riffles 
β 1(Mesohab-pool) + β2(Mesohab-
riffle) + β3(Mesohab-run) 
Mesohabitat x 
light  
Hellbenders select for larger cover in less shaded 
sections of the stream  




Table 4. A priori models representing hypotheses regarding factors associated with larval 
and juvenile Cryptobranchus a. alleganiensis microhabitat selection within three 
watersheds in western NC, USA., 2018-2019. 
Model name  Hypothesis  Model Structure  
Global Hellbenders select a microhabitat based on all 
measured, non-correlated variables 
β 1(Embedded1) + 
β2(Embedded0)  + β3(Size) + 
β4(Size.squared) + β5(Mid_vel) + 
β6(Depth) + β7(Dist_boulder) + 
β8(Dist_bank) + β9(Canopy) 
Cover Hellbenders select a microhabitat solely on cover 
size  
β 1(Size) + β2(Size.squared) 
Substrate 1 Hellbenders select a microhabitat based on cover 
size and the availability of interstitial spaces   
β 1(Embedded1) + 
β2(Embedded0) + β3(Size) + 
β4(Size.squared) 
Substrate 2  Hellbenders select microhabitat based on substrate 
composition (small distance to boulder usually 
means many boulders) 
β 1(Embedded1) + 
β2(Embedded0) + β3(Size) + 
β4(Size.squared) + 
β5(Dist_boulder)  
Predation Hellbenders select a microhabitat without high 
predation pressure. Larger predators are in deeper 
pools and use larger cover 
β 1(Dist_boulder) + β2(Depth) + 
β3(Size) + β4(Size.squared) 
Sediment x cover  Hellbenders select a microhabitat based on 
Embeddedness influences suitability of cover 
objects-- small objects more likely to be totally 
embedded 
β 1(Embedded1) + 
β2(Embedded0) + β3(Size) + 
β4(Embedded0*Size) + 
β5(Embedded1*Size) 
Velocity  Hellbenders select a microhabitat based on flow 
velocity  
β 1(Mid_vel) 
Stability 1 Hellbenders select microhabitat closer to bank, as 
those flows are more stable, unless they are close 
to boulders that lessen flow, then they can be 
farther from bank 
β 1(Dist_boulder) + 
β2(Dist_bank) +  
β3(Dist_bank*Dist_boulder) 
Stability 2 Hellbenders select larger cover objects in faster 
water, as the objects are less likely to get dislodged  
β 1(Mid_vel) + β2(Size) + 
β3(Mid_vel*Size)  
Stability 3  Hellbenders select larger cover objects in faster 
water, as the objects are less likely to get 
dislodged, but still avoid larger cover  
β 1(Mid_vel) + β2(Size) + 
β3(Size.squared) + 
β4(Mid_vel*(Size*Size.squared))  
Stability 4  Hellbenders select a microhabitat based on cover 
size and flow velocity  




Stability 5 Hellbenders select microhabitat based on velocity 
and factors affecting velocity 
β 1(Mid_vel) + β2(Dist_boulder) 
+ β3(Dist_bank) + 
Hydrology  Hellbender select a microhabitat based on the 
hydraulics of the water column 
β 1(Mid_vel) + β2(Depth) 
Mesohabitat  Hellbenders select microhabitats in runs or pools 
and avoid riffles  






















Table 5. Summary of continuous variables measured at home range and microhabitat 
scales in western NC, USA, 2018-2019. Values represent the mean (range) of 
observations in each category. 
 Variable  Used Home range (available)  Microhabitat (available) 
Distance to bank (m) 3.7 (0.6-9.3) 3.9 (0.2-11.8) 3.6 (0.2-11.6) 
Distance to boulder (cm) 43.8 (0.0-367.0) 47.5 (0.0-386.0) 51.7 (0.0-431.0) 
Substrate size (cm) 16.09 (3.00-37.00) 12.33 (0.01-37.00) 10.89 (0.01-40.00) 
Canopy cover 15.2 (0.0-82.0) 17.36 (0.0-95.0) 15.9 (0.0-95.0) 
Water depth (cm) 40.7 (13.5-130.0) 36.9 (4.5-156.0) 38.9 (5.5-120.0) 
Water velocity- mid depth (cm) 0.2 (0.0-0.8) 0.4 (0.0-2.0) 0.3 (0.0-2.0) 
















Table 6. Top-ranked home range resource utility models for larval and juvenile 
Cryptobranchus a. alleganiensis within three watersheds in western NC, USA, 2018-
2019. 
Model Model structure AICc ΔAICc Wt 
Global β 1(Size) + β2(Size.squared) + 
β3(Embedded1) + β4(Embedded0)  
+ β5(Depth) + β6(Mid_vel) + 
β7(Dist_boulder) + β8(Dist_bank) + 
β9(Canopy) 
141.40 0.00 0.70 
Space availability β 1(Embedded1) + β2(Embedded0) 
+ β3(Size) + β4(Size.squared) 


















Table 7. Parameter estimates for top-ranked home range resource utility models for 
larval and juvenile Cryptobranchus a. alleganiensis within three watersheds in western 
NC, USA, 2018-2019.  
Model  Parameter Estimate SE Lower 95% CI Upper 95% CI 
Global Size 1.00 0.27 0.48 1.52 
 Size.squared -0.50 0.20 -0.90 -0.10 
 Embedded1 -2.61 0.82 -4.21 -1.01 
 Depth 0.17 0.22 -0.25 0.60 
 Mid_vel -0.74 0.25 -1.22 -0.25 
 Dist_boulder 0.20 0.18 -0.15 0.55 
 Dist_bank 0.07 0.22 -0.37 0.50 
 Canopy cover -0.23 0.20 -0.62 0.16 
      
Space availability  Embedded1 -2.85 0.79 -4.41 -1.29 
 Size 0.93 0.24 0.45 1.40 












Table 8. Top-ranked microhabitat resource utility models for larval and juvenile 
Cryptobranchus a. alleganiensis within three watersheds in western NC, USA, 2018-
2019. 
Model Model structure  AICc ΔAICc Wt 
Substrate 1 β 1(Embedded1) + β2(Embedded0) + β3(Size) 
+ β4(Size.squared) 
124.60 0.00 0.53 
Substrate 2 β 1(Embedded1) + β2(Embedded0) + β3(Size) 
+ β4(Size.squared) + β5(Dist_boulder)  














Table 9. Parameter estimates for top-ranked microhabitat resource utility models for 
larval and juvenile Cryptobranchus a. alleganiensis within three watersheds in western 
NC, USA, 2018-2019.  
Model  Parameter Estimate SE Lower 95% CI Upper 95% CI 
Substrate 1 Size 1.31 0.30 0.72 1.89 
 Size.squared -0.40 0.19 -0.78 -0.02 
 Embedded1 -3.51 1.06 -5.59 -1.44 
      
Substrate 2 Size 1.38 0.31 0.78 1.98 
 Size.squared -0.41 0.19 -0.78 -0.03 
 Dist_boulder 0.26 0.20 -0.14 0.66 
















Figure 1. Influence of cover size on relative probability of a particle being selected at the 
reach (a; home range placement) and microhabitat (b; within home range) scale by 
Cryptobranchus alleganiensis larvae and juveniles in western NC, USA, 2018-2019. The 
solid line represents particle selection when the particle is loose in the substrate. The 
dashed line represents particle selection when the particle is partially or fully embedded 







Figure 2. Influence of mid-depth water velocity on relative probability that an area will 
be selected as a home range by Cryptobranchus alleganiensis larvae and juveniles in 







Figure 3. Association between size of cover objects and body size for larval (points) and 
juvenile (triangles) Cryptobranchus alleganiensis from six streams in western NC, USA, 
2018-2019. The solid line represents the trend based on all points (df = 72, p <  0.001, R2 
= 0.31) and the dashed line represents the approximate total length at which hellbenders 
in our study systems resorb gills (100 mm).  
